Accurate and reliable strip speed measurement is desirable in many manufacturing industries for both monitoring and control purposes. This paper presents the recent development in non-contact measurement of strip speed using electrostatic sensors in combination with correlation signal-processing techniques. A pair of metal electrodes is used to obtain signals from the moving strip. The speed of the strip is then determined from the known fixed spacing between the electrodes and the time delay between the two signals. Experimental tests were conducted on a motorized strip speed test rig under a range of conditions. An optical tachometer was used as a reference instrument to gauge the accuracy of the strip speed measurement system. The system design considerations, advantages and limitations are addressed. Results demonstrate that the system is capable of measuring strip speed robustly with a relative error not greater than ±1.8% and a repeatability of 2.5% over the speed range of 0.8 to 10 m s −1 . 
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Introduction
In certain production and manufacturing processes, a measurement of the speed of a moving strip is required in order to obtain an accurate and reliable value for stripcutting machines. For example, strips such as sheet metal, plastic, textile, rubber and cables often need to be cut in a predetermined length, so inaccurate strip speed measurement will result in inaccurately cut strips and hence a high scrappage rate. A contact-type tachometer [1] is commonly used to measure the strip speed in a manufacturing process; however, this technique has limitations as the contact interaction between the tachometer and the strip reduces the speed of the subject, it has slippage, wear and tear problems and thus requires periodic maintenance. There are also errors due to contact resistances. To overcome these problems, optical tachometers [2] have been developed, which have many advantages over the contact type in terms of maintenance, flexibility and slip problems. However, this technique requires a special physical mark on the strip, which is not always feasible in real production lines. In recent years, laser Doppler velocimetry (LDV) [3] has been used for strip speed measurement. Some high-accuracy embedded LDV systems [3, 4] have been developed, but they have high capital costs and are difficult to operate in harsh and extreme environments. A thermal method [5] has been proposed to measure the speed of the electrically conducting strip (sheet metal) where an array of infrared detectors and an eddy current heating device are deployed; however, this method is unsuitable for measuring non-metallic strip materials due to the nature of the thermal sensing techniques and also has high costs. For these reasons, a low-cost, accurate instrument for the non-contact measurement of strip speed is desirable. This work aims to explore the feasibility and to evaluate the performance of electrostatic sensors using simple metal electrodes [6] [7] [8] in conjunction with correlation signalprocessing algorithms for the non-contact measurement of strip speed [9] . An experimental system operating on this principle has been designed and constructed. The system was evaluated in terms of accuracy, repeatability, robustness and resolution under controlled laboratory conditions. This new technique is inspired from the successes in applying electrostatic sensors to the measurement of pneumatically conveyed particles [10] [11] [12] .
Measurement principle and system design

Measurement principle
When two or more non-antistatic objects move in contact with each other, for example, a non-antistatic strip and air, there is frictional force acting on these objects, the corollary of which is that the surface of the object is charged and hence causes an electric field around this charged surface. Although the level of charge on the strip is usually unpredictable, it can be detected using insulated electrodes in conjunction with a suitable charge detection circuit, which derives useful signals from the fluctuations in the electric field caused by the movement of the strip. Figure 1 shows the principle of the strip speed measurement system. The sensor board consists of two identical strip-type copper electrodes which are separated with a known spacing between them. The electrodes are placed in the proximity of the moving strip. The two signals generated from the electrodes are very similar to each other, with the downstream signal being a time delayed but corrupted version of the upstream one. where τ m is determined from the location of the dominant peak in the cross-correlation function between the two signals x(t) and y(t) [10, 11] . Figure 2 shows the dimensions of the electrodes on a printed circuit board (PCB) that was used for this research. The electrodes are 40 × 2 mm wide strips of copper, cut out on one side of a double-sided PCB. The spacing between the electrodes (L) is 20 mm. Electronic components used in the pre-amplifier of the sensor were mounted on the other side of the PCB to maintain high signal sensitivity. The entire PCB was housed in an earthed metal box to avoid external electric field interferences.
System design
Hardware design.
The signals derived from the pre-amplifier are further amplified and filtered before being fed into a computer via a 12-bit analogue-to-digital converter (figure 3) at 500 ksps conversion and at a sampling rate of 15 kHz. The software performs the correlation computation of the signals and then calculates the transit time and resulting speed of the strip. Other relevant parameters such as the correlation coefficient and root-mean-square (rms) amplitude of the signals are also determined.
The design of the signal-conditioning unit was implemented to have a high sensitivity, low noise, good stability and no oscillations or ringing effects. The preamplifier chosen was a current-to-voltage converter instead of a high-impedance voltage pre-amplifier. This is because the signal induced on the electrode is very small in magnitude and the signal source output impedance is very high, which consequently means that the current due to leakage, that passes from the electrode to ground, will influence the potential between the electrode and the grounded plane to zero. The other main factor considered was various capacitance effects due to the amplifier input capacitance, capacitance between the input terminal of the op-amp and ground and other stray capacitances. Thus for electrostatic speed sensing, it would not be appropriate to use a high-impedance voltage pre-amplifier. The filter used was a Sallen-key second-order low-pass filter with a bandwidth of 15 kHz.
Software design.
A program code was implemented based on the flow chart (figure 4). A cross-correlation algorithm was performed on the two signals to derive the transit time τ m , which is obtained from the location of the peak in the calculated cross-correlation function. This correlation computation process is repeated until the user stops the operation of the software system on the user interface. The results from the correlation algorithm are fed into the rolling averaging algorithm to obtain a steady strip speed measurement. The number of data points in the rolling average process is adequately controlled via the user interface so that the system response time is around 1 s.
Experimental tests and results
Rounded geometry strip experimental test rig
A purpose-built test rig replicating the movement of a rounded strip in a production line was constructed (figure 5). A dc motor was fitted to drive a smooth rounded, rubber-type, strip loop which moves over the sensor board. The distance (D) between the strip and the electrode is adjustable. The range of the strip speed is between 0 and 10 m s −1 , achieved by varying the supply voltage (0-30 V) of the motor. The diameter of the rounded strip is 8 mm. The use of this strip helps to investigate whether the electrostatic sensor can produce useful signals for the intended strip speed measurement. The strip was an antistatic strip (which is the extreme case) and hence for the purpose of experimentation it was wrapped spirally with electrical tape to produce sufficient charge. In the earlier work [9] , tiny drops of glue (non-conductive plastic material) were spread randomly on the surface of an antistatic heavy-duty V-belt facing the electrodes-the dried droplets function in a very similar way to the electrical tape in this work. In practical applications of the technique in industry, the natural roughness of the strip serves the same purpose. During experimental tests measures were taken to ensure that the strip did not bounce or became unstable for certain speed settings by the use of two idlers on either side of the sensor board ( figure 5(a) ). An optical tachometer was used as a reference against which the accuracy of the strip speed measurement system was evaluated.
Flat strip experimental test setup
For the purpose of verifying the strip geometry variations, a strip with flat geometry was tested on a setup shown in figure 6 . The signals obtained are found to be analogous to those of the rounded strip with reduced effects of bounce problems, thereby confirming that the sensing technique is applicable to both flat and rounded geometry strip cases. The size of the strip is not a critical factor as the sensing electrodes detect the non-uniform random charges on the surface of the moving strip as long as the electrodes are parallel to each other. For this reason, the analysis and investigation of this work are focused on the rounded strip geometry tests. Additionally, the rounded strip rig ( figure 5 ) offers a wider range of speeds than the flat strip setup. Figure 7 shows a typical example of the raw-signal waveforms from the pre-amplifier obtained on a digital oscilloscope. As expected, the time delay between the two signals is clearly seen. The resulting correlation function confirms this ( figure 8 ).
Signal waveforms and correlation function
Since the charge developed varies in an unpredictable way, fluctuations of the signals are evident ( figure 7) . However, such signal fluctuations will not affect the transit time measurement.
The correlation coefficient ranged between 0.75 and 0.99 under the majority of the test conditions, depending on the distance (D) between the strip and the sensor board ( figure 5 ) and the speed of the strip being measured. As expected, a closer gap between the strip and the sensor board results in stronger signals, and hence a higher correlation coefficient. Figure 9 shows the rms magnitude of the two signals obtained from the upstream and downstream electrodes, respectively, for different speeds and distances (D). It is observed that the closer the strip to the electrodes and faster the speed, the higher the rms magnitude. The first sensor gives slightly higher signal strength than the second due to the slight mismatch between the two channels signal-conditioning electronics, as well as the natural reduction in the charge level as it moves in transit from the upstream wheel ( figure 5 ). It is also indicative that at great distances (typically 8 mm) and slowest speed measured (typically 0.49 m s −1 ), the rms magnitude obtained from the two electrodes fluctuates more. It is evident that the rms magnitude is coarsely proportional to the speed of the moving strip and inversely proportional to the distance (D). Figure 10 shows a direct comparison between the measured strip speed and the reference speed for five different distances between the strip and the sensor board. It is evident that the measured strip speed is very close to the reference speed in absolute terms when the distance is between 2 mm to 4 mm. At 2 mm distance, the maximum absolute error is -0.04 m s −1 and, when the distance (D) increases, the absolute error also increases.
Results and discussion
Sensor signal analysis.
Accuracy.
To quantify the measurement accuracy of the system, the relative error of the measured strip speed is calculated and plotted in figure 11 . It can be seen that, at closer distances (D), typically at a maximum of 3 mm and throughout the majority of the speed range, the relative error of the measured strip speed is in the range of ±1.8%. In the range between 4 m s −1 and 10 m s −1 and at distances below 6 mm, the error is no greater than ±0.5%. It is also evident that, at further distances, typically above 4 mm and at a lower speed range typically below 4 m s −1 , the relative error of the measured strip speed increases. It has been found that a shorter distance between the sensor board and the strip gives better results. When the speed is less than 4 m s −1 , the further the Relative error (%) Figure 11 . Relative error of the measured strip speed with reference to the reference speed.
distance, the higher the relative error. This is explainable as the further the distance (D) between the strip and the electrodes, the lesser the charge detected, leading to narrower signal bandwidth, lesser clearly defined cross-correlation function peaks and larger errors in the transit time measurement. When D > 8 mm, the strip speed measurement is no longer reliable because of the narrower signal bandwidth and large relative error in the measurement. The sampling frequency of the system [9] also has an effect.
3.4.3.
Repeatability. It is important to quantify the repeatability of the strip speed measurement system. Normalized standard deviation (NSD) is used for this purpose. Figure 12 illustrates the results throughout the strip speed range for the five different distances between the strip and the sensor board. It can be seen that the system is capable of providing highly repeatable measurement results with the NSD of 2.5% in most cases.
Over the speed range of 6 to 10 m s −1 , the system gives almost perfectly repeatable results regardless of the distance of the strip from the sensor board. As the speed goes below 6 m s −1 , the NSD increases gradually due to the fluctuations of the strip speed. Since this result combines the repeatability of the measurement system and the stability of the strip speed being measured, the actual repeatability of the measurement system is better than 2.5% in most cases. The relatively larger fluctuations at lower strip speeds are mainly attributable to the narrower bandwidth of the electrostatic signals [10] .
For a given distance between the strip and the sensor board, a faster strip speed results in more charge on the strip, which in turn leads to stronger electrostatic signals for correlation and ultimately more stable strip speed measurement.
It is also found during the experiments that the system is not reliable to measure the strip speed below 1 m s −1 even when the distance between the strip and the sensor board was set to 2 mm. This limitation is due to the low-level charge produced on the strip at such a low speed, leading to dissimilar sensor signals and hence no valid correlation peak in the correlation function (figure 8).
Correlation coefficient.
The correlation coefficients for different distances (D) over the speed range are shown in figure 13 . It is clear that the closer the strip to the sensor board, typically up to 4 mm, and faster the speed, typically above 4 m s −1 , the higher the correlation coefficient. At low speeds (<4 m s −1 ) and the further the distance (D > 4 mm) of the strip from the sensor board, the lower the correlation coefficient.
For speeds above 4 m s −1 and distances below 4 mm, the correlation coefficient is in the range of 0.85-0.99, which is desirable for reliable strip speed measurement. At speeds below 4 m s −1 and further distances (D > 4 mm), the charge level detected reduces; thereby the correlation coefficient reduces to below 0.7. Under such conditions, it is difficult to locate the exact position of the correlation peak, which in turn affects the accuracy of the speed measurement.
3.4.5. Robustness. It was observed from the waveforms captured on an oscilloscope (figure 14) that, for noise introduced deliberately in the motor driving the strip, the measurement technique is robust enough to reject common mode noises in an industrial environment (e.g. motor interferences, assembly lines, conveyor strips, etc) as the noise does not affect the transit time calculation. 
Resolution.
Observations have demonstrated that the experimental system could reliably measure the strip speed for one decimal variation for every change of 0.2 V supplied to the motor, thus indicating a resolution of 0.1 m s −1 , which is the smallest change in the strip speed that can be detected. The resolution of the system depends on a number of factors, including the width of the two electrodes (which affects the bandwidth of the sensor signals), filter bandwidth of the signal-conditioning electronics, resolution of the analogue-todigital converter, sampling rate and the correlation-processing algorithm. It is expected that a higher resolution of the system is achievable if the individual elements and the overall system design are optimized.
Effects of electrode spacing (L) and electrode width (W ).
The effect of electrode spacing (L) was also studied. When L = 10 mm and for faster speeds ( 8 m s −1 ), the delay between the two signals was small and hence the correlation peak is very close to the Y-axis. Similarly, it was also observed for L = 50 mm and at lower speeds (typically below 2 m s −1 ) that the delay between the two signals increases significantly and the downstream signal is too corrupted as a result, which has no similarity with the upstream signal [8] [9] [10] . For higher speeds (> 4 m s −1 ), there was no significant problem in obtaining acceptable signals. The delay increased for the same speed much more than at L = 20 mm. In fact at L = 20 mm and for a speed of 5.33 m s −1 , the transit time was 3.750 ms and for the same speed, at L = 40 mm, the transit time was 7.531 ms, which apparently was approximately double the time obtained for a 20 mm length (L).
It was observed from the raw signals that the width of the electrodes has an effect on the velocity measurement: for an increase of the width from 2 mm to 3 mm, for the same distance (D) = 2 mm and at a length (L) = 20 mm, the bandwidth of both signals reduced because of the spatial filtering effect of the electrodes [10] .
Conclusions
The design, implementation and evaluation of a non-contact strip speed measurement system using electrostatic sensors have been described. The electrodes are passive sensors (an external power is not required), robust, non-contact and of low cost. The system performance has been established under various test conditions in terms of accuracy, repeatability and resolution. Effects of the electrode dimensions were investigated experimentally. It has been found that a shorter distance between the moving strip and the sensor board gives better results in terms of accuracy and repeatability under most of the test conditions. In addition, a faster strip speed yields better measurement results because of the higher charge produced on the strip. The strip variations for both flat and rounded geometries were also investigated. The sensor signals in both cases have been found to be analogous.
The relative error of the measured strip speed with reference to the tachometer readings has been found to be no greater than ±1.8% throughout the available speed range and ±0.5% between 4 m s −1 and 10 m s −1 for distance (D) below 4 mm and for W = 2 mm and L = 20 mm.
The normalized standard deviation data have been used to quantify the repeatability of the measurement system. It has been found that for speeds above 6 m s −1 the repeatability is below 0.5%. At lower speed, typically below 6 m s −1 , the measurement is not consistent but lies in an acceptable range, as the overall normalized standard deviation is 2.5%.
The distance between the strip being measured and the sensor board is an important factor to consider in the design and operation of the system. Normally, a smaller distance yields stronger signal magnitude, higher correlation coefficient and ultimately more accurate and reliable speed measurements. The results presented have indicated that the two electrodes very close to each other will increase the error in the speed measurement as the signals have a very small delay between them at high strip speeds. An optimal spacing between the electrodes depends on the size of the strip and range of its speed to be measured. The width of the electrodes also has an impact on the measurement results as it affects the signal bandwidth.
